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I .  INTRODUCTION 


The  modern  development  of  antiarmor  kinetic  energy  projectiles  has 
been  in  the  direction  of  long-rod,  fin  stabilized  penctrators.  This 
configuration,  while  extremely  lethal  at  the  target,  is  fragile  during 
the  interior  ballistic  phase  of  flight.  A  great  deal  of  design  effort 
must  be  expended  to  ensure  launchability  of  the  projectile,  i.e.  in-bore 
structural  integrity.  Since  the  subprojectile  is  typically  cradled 
within  a  multi  segmented  sabot  during  this  portion  cf  travel,  the  problem 
effectively  centers  on  the  development  of  adequate  sabot  design  principles. 

Besides  ensuring  launchability,  a  sabot  is  int 'need  to  improve  the 
performance  of  a  projectile  in  terms  of  either  higher  velocity  or  extended 
range.  This  improvement  occurs  because  the  bore  area  on  which  the  gun 
pressure  acts  may  be  greatly  increased  with  only  relatively  modest 
increases  in  total  projectile  launch  weight,  leading  to  significantly 
enhanced  acceleration.  Obviously,  to  obtain  the  optimum  performance 
improvement,  the  sabot  mass  must  be  kept  as  low  as  possible  within  the 
constraints  set  by  the  in-bore  structural  requirements  of  the  projectile. 

1 

These  requirements  are 

•  The  bore  of  the  gun  must  be  sealed  against  the  hot,  high-pressure 
propellant  gas 

•  The  subprojectile  must  be  supported  during  in-bore  travel  so 
that  unwanted  permanent  deformations  or  fractures  do  not  occur 

•  The  force  applied  to  the  sabot  by  the  propellant  gas  pressure 
must  be  transferred  across  the  sabot/subprojectile  interface  for 
the  acceleration  of  the  subprojectile. 

In  addition  to  these  primary  structural  integrity  requirements,  the 
proper  functioning  of  the  subprojectile  requires  that  the  sabot  constrain 
the  balloting  motion  of  the  projectile  during  in-bore  travel  and,  sub¬ 
sequently,  discard  at  the  muzzle  in  such  a  manner  as  to  impart  low  yaw 
and  yaw  rate  to  the  flight  body.  These  latter  requirements  may  be  related 
to  target  dispersion  and  for  this  reason  must  be  minimized.  Minimizing 
yaw  and  yaw  rate  demands  the  solution  of  a  complicated  problem  in  analyt¬ 
ical  dynamics.  Facets  of  the  required  analysis  include  the  location  of 
the  projectile  centering  band  relative  to  the  center  of  gravity,  the  loca¬ 
tion  and  stiffness  of  additional  boreriding  supports,  and  the  bending  modes 
of  the  accelerating  projectile,  coupled  with  the  vibratory  motion  of  the 
gun  barrel  and  aerodynamic  forces  at  muzzle  exit.  These  dynamic  design 
requirements  of  the  projectile  will  not  be  addressed  in  this  report  so 


*  Sabot  Technology  Engineering ,  Engineering  Design  Handbook ,  AMC  Phamphlet 
706-445,  Department  of  Army ,  Washington ,  DC,  July  1322. 
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that  structural  integrity  may  he  emphasized.  In  any  event,  at  the 
present  moment  there  is  no  coherent  analysis  and  design  methodology  to 
address  these  additional  sabot  requirements. 

The  basic  flight  configuration  of  the  subprojectile  is  assumed  to 
be  specified  by  terminal  ballistic  and  aerodynamic  considerations.  Thus 
the  length  to  diameter  ratio,  diameter,  material  of  the  penetrator,  and 
the  fin  and  nose  cone  weight  may  not  be  altered  to  any  significant 
extent  by  the  projectile  designer. 

As  mentioned,  the  structural  integrity  of  the  total  projectile  during 
launch  may  be  effectively  reduced  to  the  adequacy  of  the  design  principles 
invoked  for  the  sabot.  This  does  not  mean  that  the  design  of  the  sabot 
may  be  divorced  from  the  mechanical  behavior  of  the  subprojectile.  All 
viable  analysis  or  design  methodologies  must  consider  the  sabot/penetrator 
as  an  integrated  system.  The  payoff  for  this  added  complexity  is  the 
potential  for  significant  improvements  in  the  performance  of  kinetic 
energy  projectiles  due  to  the  increased  structural  efficiencies.  The 
present  report  outlines  a  rational  design  procedure  to  achieve  this  goal. 

II.  PRELIMINARY  CONSIDERATIONS 


The  projectile  must  be  designed  to  survive  the  most  severe  loading 
conditions  it  is  likely  to  experience.  Since  the  major  forces  acting 
during  the  interior  ballistic  cycle  are  the  propellant  gas  pressure  and 
the  resultant  inertial  body  forces,  the  design  condition  occurs  at  the 
point  of  maximum  pressure.  Maximum  pressure  in  a  tank  gun  system,  as 
may  be  seen  from  typical  pressure-time  data,  occurs  a  few  milliseconds 
after  propellant  ignition,  when  the  projectile  has  already  begun  to  move 
within  the  barrel.  The  influence  of  temperature  coefficient  on  burning 
rate  of  solid  propellant  grains  causes  this  maximum  pressure  to  be 
dependent  on  the  ambient  temperature  of  the  propellant.  The  highest 
pressure  is  encountered  at  the  highest  temperature,  which,  for  design 
and  testing  purposes,  has  been  arbitrarily  specified  as  63°C  (145#r). 

In  a  well  designed  system,  this  maximum  pressure  is  approximately  equal 
to  the  allowable  tube  pressure  determined  by  the  designs  of  the  gun/breech 
combination  from  fatigue,  fractqre,  or  erosion  considerations. 

The  maximum  gas  pressure  occurs  in  the  chamber  of  the  gun.  The 
projectile  does  not  actually  experience  this  pressure,  since  it  has 
begun  to  move  down  tube  by  this  time  on  the  pressure-time  curve.  The 
inertial  effects  of  the  propellant  grains  and  combustion  gases  moving 
out  of  the  chamber,  into  the  barrel,  result  in  a  damping  of  the  maximum 
pressure  acting  on  the  base  of  thi  projectile.  An  estimate  cf  the  - 

pressure  "Seen"  by  the  projectile  is  obtained  from  the  Lagrange  correction  . 

2  "  ' 

Interior  Ballistics  of  Guns.  Engineering  Design  Handbook,  AMC  Phamphlet 
706-150,  Department  of  Army,  Washington,  DC,  February  1065. 
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To  derive  this  necessary  formula  one  assumes  that  one  half  of  the  total 
charge  mass  moves  down  the  barrel  with  the  same  acceleration  as  the 
projectile.  (This  means  that  the  mass  of  propulsion  products  following 
the  projectile  neither  lags  behind  nor  overtakes  the  projectile).  Thus, 
at  the  mouth  of  the  chamber 

PCAB  =  (M  ♦  O  Z  ,  (1) 

where 


P^,  =  chamber  pressure, 

Ag  »  bore  area  of  gun  tube, 

M  »  total  projectile  mass, 

C  =  propellant  mass,  and 

Z  ■  axial  acceleration  of  projectile  and  propellant. 

The  acceleration  of  the  projectile  may  also  be  written  by  considering 
the  (reduced)  pressure  acting  on  the  projectile. 


(2) 


where 

Pg  a  base  pressure  on  projectile. 


Substituting  Eq.  (2)  into  Eq.  (1)  and  solving  for  Pg  yields  the  Lagrange 
correction  to  base  pressure 


(3) 


The  time  of  interest  is  at  tne  time  of  peak  pressure.  Thus,  for  tank 
gun  application,  where  the  charge  to  mass  ratio  is  approximately  one 
this  correction  is  respectably  accurate  and  generally  conservative  when 
compared  to  the  existing  experimental  data.  The  effective  base  pressure 
acting  on  the  kinetic  energy  tank  projectile  is  thus  typically  only  2/3 
of  the  maximum  chamber  pressure.  Ignoring  this  reduction  leads  to  overly 
conservative  design  requirements. 
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The  other  major  load  applied  to  the  projectile  during  peak  loading 
is  the  inertial  body  force.  The  base  pressure  applied  to  the  sabot  will 
generate  an  axial  acceleration  of  an  often  impressive  magnitude.  For 
dense  penetrator  materials,  this  body  force  is  the  primary  load  which 
effectively  drives  the  design.  When  bore  friction  is  ignored  (a 
conservative  simplification)  the  axial  accelerations  may  be  found  from 
Eq .  (2)  as  soon  as  the  projectile  mass  and  base  pressure  are  known. 

At  the  entrance  to  the  barrel  of  the  gun,  the  obturating  or  rotating 
band  is  pressed  through  a  forcing  cone,  placing  this  band  under  high 
compressive  stresses.  In  addition  a  rifled  gun  tube  will  also  engrave 
the  band.  Pressure  is  transmitted  to  the  band  seat;  this  load  remains 
relatively  constant  for  the  entire  in-bore  travel  of  the  projectile. 

(The  wear  of  the  band  material  from  rubbing  against  the  bore,  especially 
at  high  velocity,  will  reduce  the  compression  somewhat  by  muzzle  exit). 

The  magnitude  of  the  band  pressure  may  theoretically  be  calculated, 
since  the  initial  band  shape  and  the  geometry  of  the  forcing  cone  and 
band  seat  are  known.  In  practi;e  this  calculation  is  very  difficult. 

The  large  compression  ratio  used  to  ensure  a  tight  seal  for  the  high 
pressure  propellant  gas  means  that  the  deformation  is  nonlinear,  both  in 
terms  of  large  strain  and  plastic  flow.  Modern  obturating  bands  are 
typically  made  of  polymeric  materials  because  of  low  bore  friction, 
reduced  muzzle  wear,  and  good  pressure  sealing  experience.  Unfortunately, 
the  constitutive  relations  for  these  materials  are  highly  temperature 
and  rate  of  loading  dependent,  especially  under  plastic  flow  conditions. 
Additional  loadings  are  superimposed  on  this  gross  compression,  e.g. 
sliding  friction  against  the  bore  of  the  gun  base  pressure  over  portions 
of  the  rear  face  of  the  band,  acceleration  inertial  forces,  reactions  of 
the  elastic  band  seat  material,  and,  for  the  case  of  rifled  gun  tubes, 
torque  due  to  the  rifling,  and  slip  surfaces  on  the  band  seat  (for 
despinnirg  the  projectile).  Extremely  advanced  numerical  techniques, 
such  as  the  incremental  finite  element  method,  are  required  to  even 
approximately  model  this  complicated  behavior  in  a  rational  manner.  For 
this  reason,  band  and  band  seat  designs  remain  an  empirical  science 
beyond  the  scope  of  this  report.  Estimates  of  band  pressure  for  projectile 
design  efforts  are  generally  obtained  experimentally  from  a  similar 
configuration,  either  from  instrumented  gun  tube  firings  or  static  shell 
pusher  tests^. 

A  final  potential  source  of  projectile  loading  during  the  time  of 
peak  pressure  may  be  obtained  from  analysis  of  the  dynamical  motion  of 
the  projectile.  The  determination  of  the  magnitude  and  points  of 
application  of  the  in-bore  transverse  loads  is  effectively  an  unsolved 


3 

John  M.  Hurban  and  Stephen  G.  Sauyef,  "Analysis  of  Effective  Band 
Pressure  in  the  152  rm  Gun  Tube  Using  Finite  Elements  and  Shell  Pushing 
Data",  Proceedings  of  U.S.  Amy  Science  Conf.,  West  Point ,  NY,  June 
1972. 
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problem  at  the  present,  although  see  reference  4.  These  tranverse  loads 
are  the  constraint  forces  required  to  maintain  the  moving  projectile 
within  the  bore  surfaces  of  the  vibrating  and  translating  gun  tube,  with 
the  maximum  permissible  yawing  motion  determined  by  projectile/bore 
clearances.  These  forces  may  be  applied  impulsively  as  well  as  randomly 
since  innumerable  perturbations  of  conditions  may  occur,  for  example 
turbulant  flow  of  the  propellant  gas  over  fins.  The  requirement  for  the 
projectile  designer,  then,  is  to  determine  the  "most  severe"  loading 
condition  which  may  occur  and  to  apply  these  forces  during  the  assessment 
of  in-bore  structural  integrity.  By  cheir  very  nature,  the  transverse 
loads,  if  known,  would  be  dynamic  and  nonaxisymmetric,  unlike  the  previ¬ 
ously  defined  forces;  the  stress  analysis  demands  will  increase  accord¬ 
ingly  when  these  features  are  finally  included.  Currently,  past  experi¬ 
ence  and  a  conservative  approach  must  be  used  to  maintain  structural 
integrity  of  the  projectile  in  the  face  of  local  and  global  bending 
deformations  and  vibrations  caused  by  the  transverse  loadings. 

Near  or  during  muzzle  exit  by  the  projectile,  the  base  pressure  and 
resultant  acceleration  are  greatly  decreased.  However,  other  forces 
now  appear,  due  to  the  high  velocity,  which  were  negligible  at  peak 
pressure.  Although  the  magnitude  of  these  forces  is  generally  such  that 
the  time  of  peak  pressure  is  still  the  most  severe  loading  environment, 
these  forces  may  cause  problems  for  ill-conceived  designs.  Therefore, 
the  muzzle  exit  condition  should  generally  be  investigated  for  structural 
integrity  also. 

The  primary  example  of  these  additional  forces  occurs  in  rifled  gun 
tubes.  The  high  muzzle  velocity  obtained  by  saboted  projectiles  leads 
to  high  spin  rates,  even  for  despun  projectiles.  (All  modern  fin 
stabilized  kinetic  energy  projectiles  fired  from  rifled  guns  have  their 
spin  rate  reduced  in  some  manner  so  that  the  fins  may  survive  the  encounter 
with  the  atmosphere).  The  resultant  high  centrifugal  body  force  may 
cause  severe  deformations  in  the  segmented  sabot  petals,  especially 
during  muzzle  exit. 

The  high  muzzle  velocity  also  generates  aerodynamic  pressure  khead 
of  the  projectile,  both  in-bore  and  immediately  after  muzzle  exit. 1  This 
pressure  generally  acts  on  scoops  or  wingr  which  are  intended  to  c^use 
lift  and  assist  sabot  separation  after  the  bore  constraint  is  removed. 

An  accurate  prediction  of  the  magnitude  of  the  pressure  field  acting  on 
the  sabot  is  extremely  difficult  due  to  the  presence  of  intersecting 
shock  waves  from  the  subprojectile  and  individual  sabot  segments.  Rough 
estimates  are  based  on  the  stagnation  pressures  attained  through  a  normal 
shock  at  the  Mach  numbers  of  interest.  1 


4  I 

George  Soo  Hoo  and  Leon  P.  Anderson  "A  Theoretical  Model  for  In-Bore 

Projectile  Balloting,"  Naval  Surface  Weapons  Center,  NSWC  TR  7&-18C, 
Dahlgren,  VA,  June  1979. 
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Finally,  muzzle  whip  near  the  time  of  shot  exit  may  increase  the 
relative  importance  of  transverse  loads.  This  point  must  remain  as 
speculation  until  the  solution  of  the  coupled  projectile/tube  motion 
problem  has  been  attained. 

This  completes  the  catalog  of  loads  operating  on  the  projectile 
to  be  considered  during  the  design  phase.  It  is  the  task  of  the 
structural  engineer  to  synthesize  a  configuration  of  sabot/subprojectile 
of  minimum  weight  and  then  to  analyze  this  configuration  under  the 
influence  of  the  described  forces  to  ensure  that  structural  integrity  is 
maintained. 

Other  loads  may  exist,  but  they  are  often  the  result  of  problems 
elsewhere  in  the  system.  For  example,  surging  propellant  impacting  the 
base  of  the  projectile,  large  magnitude  pressure  waves  in  the  gun  chamber, 
or  nonaxisymmetric  ignition  with  transverse  pressure  gradients  are 
potential  sources  ot  loading  arising  from  poor  charge  design.  These  are 
problems  best  eliminated  by  the  propulsion  designer  rather  than  the 
structural  engineer. 

B.  Allowable  Loads 

For  the  results  of  the  stress  analysis,  e.g.  the  computed  stresses 
and  strains,  to  be  useful  in  assessing  structural  design,  some  quantitative 
measure  of  what  constitutes  an  allowable  loading  must  be  selected  from 
among  several  possible  criteria.  The  relevant  loading  response  parameter 
from  the  stress  analysis  is  then  compared  to  its  allowable  value;  if  the 
parameter  is  within  allowable  limits,  the  configuration  is  said  to  possess 
structural  integrity*. 

In  standard  uniaxial  tensile  testing  for  material  properties,  such 
parameters  as  yield  stress  and  ultimate  strength  are  fairly  repeatable 
for  any  given  material,  loading  rate,  and  metallurgical  condition. 

Under  service  conditions  in  a  projectile  however,  the  loading  is  multiaxial. 
That  is,  a  small  cube  of  material  isolated  from  the  structure  would  have 
to  be  loaded  over  all  of  its  surfaces  to  be  maintained  in  an  identical 
stress  state.  For  this  type  of  stress  field,  the  comparison  of  individual 
normal  stress  components  with  the  values  of  uniaxial  yield  stress  or 
ultimate  strength  is  inappropriate  due  to  the  coupling  effects  with  the 
other  stress  components.  For  example,  a  compressive  stress  will  tend 
to  magnify  tensile  stresses  which  act  orthogonal  to  it. 

7 There  should  of  course  also  be  per  feat  aorrelation  between  possession 
of  structural  integrity  and  the  subsequent  lack  of  ''structural" 
failures  during  projectile  testing.  Poor  correlation  reflects  either 
unrealistic  modeling  in  the  stress  analysis,  poorly  selected  allowable 
loading  parameters,  or  the  erroneous  identification  of  the  test  failure 
as  structurally  caused. 
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What  then  is  the  appropriate  quantity,  calculated  from  relevant 
stress  analyses  of  projectiles,  to  compare  with  material  properties 
defined  by  uniaxial  tests?  Extensive  research  has  been  performed  to 
answer  this  question,  which  is  fundamental  to  the  mathematical  theory 
of  plasticity.  In  that  discipline,  it  is  shown  that  a  parameter  called 
effective  or  equivalent  stress  combines  the  effects  of  orthogonal  stress 
components  into  a  single  number  which  is  directly  comparable  to  uniaxial 
tensile  dataJ.  Several  possible  definitions  exist  for  this  parameter; 
in  terms  of  principal  stresses. 

°eff  =  ^7  ^  (°1  '  °2  2  +  (o2  *  °S)2  *  <°3  ‘  °1)2  (Von  Mises) 


or 

(4) 

3  Max  jc0!  -  °2^  (°2  "  °3^  »  (°3  ■  ap|  *  (Tresca) 


The  Von  Mises  definition  is  generally  preferred,  but  the  Tresca  is  used 
occasionally  for  its  analytical  simplicity  when  the  maximum  difference 
is  known  a  priori . 

Before  comparing  values  of  this  parameter  to  any  allowable  stress 
from  a  uniaxial  tensile  test,  it  must  be  verified  that  the  simple  tensile 
test  corresponds  to  roughly  the  same  loading  conditions  in  terms  of 
temperature  and  loading  rate.  For  the  most  used  metals  (plastics  are 
another  matter)  the  ambient  temperatures  of  interest  in  projectile  testing, 
-50°F  to  145°F,  (-45°C  to  63°C)  do  not  greatly  affect  the  shape  of  the 
stress-strain  curve.  Fracture  toughness  may  decrease  if  the  lower 
temperature  is  below  the  transition  temperature;  other  properties  have 
only  minor  variation,  if  we  were  required  to  use  the  metal  at  an  ambient 
temperature  corresponding  to  the  propellant  flame  temperature,  the  situ¬ 
ation  would  of  course  be  very  different.  However,  the  projectile  is 
exposed  to  this  high  temperature  for  only  a  few  milliseconds.  Unless 
there  is  rapid  gas  flow  over  the  solid  surfaces,  there  is  no  appreciable 
heating  of  the  projectile  during  in-bore  travel. 

Likewise  the  rate  of  loading  effects  at  extremely  high  strain  rates 
(impact  loading)  may  significantly  raise  the  static  yield  strength  of 
some  materials.  At  the  moderate  rates  associated  with  in-bore  projectile 
travel,  however,  the  strengthening  effect  is  generally  negligible  for 
metals. 

, Alexander  Mendel  son.  Plasticity :  Theory  and  Application,  Macmillan 
Co.,  New  York,  NY,  196 6. 
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After  an  appropriate  measure  of  loading  intensity  has  been  selected, 
its  limiting  value  must  be  set.  One  possible  limit  is  the  value  of  stress 
where  plastic  flow  begins,  the  yield  stress.  This  limit  is  commonly 
used  for  structures  subject  to  repeated  service,  but  is  often  ignored 
for  projectiles  on  the  ground  that  they  represent  a  "single  use"  item 
and  that  residual  plastic  deformation  after  use  is  irrelevant.  However, 
each  projectile  is  actually  a  "double  use"  item;  in  addition  to  launch, 
it  must  also  function  at  the  target.  Large  amounts  of  plastic  work 
during  the  launch  phase  could  change  the  material  properties  of  the 
penetrator  from  the  metal lurgical ly  determined  optimum  for  penetration. 
Whether  smaller  scale  yielding  would  also  be  detrimental  is  unknown, 
but  the  conservative  course  would  be  to  maintain  elastic  response  in 
the  penetrator  during  launch.  The  shape  of  the  stress-strain  curve 
will  partially  determine  the  suitability  of  plastic  yield  as  a  limit 
value,  since  a  small  plastic  work-hardening  slope  would  give  a  corres¬ 
ponding  small  margin  of  safety. 

Margin  of  safety  for  the  stress  level  is  an  important  concept  when 
the  complete  loading  is  as  poorly  known  as  indicated  previously.  To 
define  this  alternate  stress  limit,  some  fraction  of  the  minimum  ultimate 
strength  of  the  material  is  specified,  e.g.  one  half.  The  fraction 
defines  the  safety  factor  used  in  the  design  and  may  be  selected  arbi¬ 
trarily  by  the  structural  designer  based  on  his  subjective  perception 
of  the  consequences  of  structural  failure  and  the  requirement  for  weight 
reduction  of  the  projectile. 

The  stress  limit  utilized  in  the  present  investigation  has  been  the 
minimum  of  the  plastic  yield  stress  and  the  selected  fraction  of  ultimate 
strength.  This  multiple  limit  allows  the  designer  to  maintain  both  an 
elastic  launch  and  an  acceptable  safety  factor. 

A  new  discipline  which  holds  the  promise  of  developing  a  separate 
measure  of  acceptable  load  intensity  is  fracture  mechanics”.  The  use 
of  penetrator  materials,  even  of  extremely  high  strength,  whose  ductility 
and/or  fracture  toughness  is  small,  may  result  in  the  occasional  failure 
of  projectiles.  Some  difficulty  has  been  encountered  during  cold  (-45®C) 
testing  of  projectiles  due  to  the  low  toughness  of  some  penetrator 
materials  below  their  fracture  transition  temperature.  Fracture  mechanics 
principles  have  been  well  used  in  the  investigation  of  this  type  of 
essentially  metallurgical  problem.  For  the  determination  of  design 
limits,  the  specification  of  the  material'^,  fracture  toughness  and  the 
size  of  detectable  flaws  theoretically  allows  for  the  easy  determination 
of  a  maximum  working  normal  stress.  However,  in  the  present  state-of- 
the-art,  such  complications  as  multiaxial  stress  fields,  high  stress 
gradients,  large  plastic  flow,  and  coupled  modes  of  fracture  have  not 
been  dealt  with  in  a  satisfactory  manner,  so  a  design  based  solely  on 


6 

Fracture  Mechanics  Design  Handbook,  U.5.  Army  Missile  Command, 
Technical  Report  RL-77-6,  Redstone  Arsenal ,  AL,  December  1976. 
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fracture  mechanics  principles  would  be  premature. 

Ill.  SUPPORTED  LENGTH  OF  PENETRATOR 

The  supported  length  of  the  penetrator,  i.e.  the  length  of  the 
sabot,  is  a  major  factor  affecting  the  structural  integrity  of  long  rod 
kinetic  energy  projectiles.  For  the  dense  materials  commonly  used  in 
penctrators  and  the  high  acceleration  fields  encountered  at  launch,  the 
unsupported  'ength  of  the  subprojectile  is  severely  restricted  by  the 
allowable  stress  limits.  True  push  or  pull  types  of  sabots  are  inappropriate 
for  this  reason.  Instead,  a  side-gripping  sabot  with  unsupported  sub- 
projectilc  fore  and  aft  of  the  sabot  will  minimi’e  the  sabot  length. 

Before  the  analysis  can  proceed,  an  estimate  of  the  mass  of  the 
sabot  must  be  made.  This  mass  estimate  when  combined  with  the  given 
subprojectile  mass  is  utilized  in  two  preliminary  calculations;  first  in 
the  Lagrange  correction  to  determine  the  maximum  base  pressure  acting  on 
the  projectile,  and  second,  to  determine  the  acceleration  of  the  projectile 
under  the  action  of  this  pressure.  Any  of  several  methods  for  making 
this  initial  guess  at  sabot  weight  may  be  used;  one  such  formula  is 
developed  in  the  next  section.  The  simplest  estimate  is  the  assumption 
that  a  third  cf  the  total  projectile  mass  is  sabot.  (Tne  ratio  varies 
from  one  quarter  to  one  half  for  most  modern  kinetic  energy  projectiles). 
Thus,  for  now 


M  »  ~  M 
2  sp 


M  ♦  M 
sp  s 


(5) 


where 


N?sp  *  specified  mass  of  subprojectile,  and 

M  *  mass  of  sabot, 
s 


Since  the  acceleration  is  so  dependent  on  sabot  mass,  which  may  be  shown 
in  turn  to  be  largely  determined  by  projectile  acceleration,  it  may  be 
correctly  anticipated  that  the  following  phases  of  the  design  are  highly 
iterative. 

The  calculation,  on  the  basis  of  allowable  stress  in  the  penetrator, 
of  the  unsupported  length  of  penetrator  which  extends  fore  end  aft  of 
the  sabot  may  be  performed  by  reference  to  the  configuration  and  nomen¬ 
clature  specified  in  Figure  1.  As  mentioned,  the  total  length  and  diameter 
of  the  penetrator  and  weight  of  nose  cone  and  fins  are  assumed  to  be 
given.  Then,  assuming  that  the  stress  in  the  rod  immediately  ahead  of 
the  sabot  is  uniform,  balancing  forces  on  a  freebody  of  the  fore  length 
of  the  penetrator  yield 
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0, 


(6) 


o  A„  +  p  A  Lr 
z  P  p  p  fore 


M  Z  = 
n 


where 


o_  =  axial  stress, 

A^  =  cross-sectional  area  of  cylindrical  penetrator, 

Pp  =  density  of  penetrator  material  .  and 

M  -  mass  of  nose  cone  . 
n 


Since  the  forward  section  of  the  subprojectile  is  effectively  under 
uniaxial  loading,  r’  ,•  design  limit  allowable  stress,  oalJow  must  be 

substituted  directly  into  Eq.  (6)  (negative  for  compression)  and  that 
expression  solved  algebraically  for  I^ore 


Lfore 


S 


°al low 


M 


P  A 
P  P 


(7) 


The  situation  behind  the  sabot  is  slightly  different.  Here  the  base 
pressure  also  acts  on  the  freebody  of  the  aft  length.  Summing  forces  on 
the  aft  freebody  in  the  axial  direction 

°zAP  =  ppAp  Laft  1  *  Mf  Z  *  VP  *  (8) 

where 


M^.  *  mass  of  fins  . 

The  rear  of  the  penetrator  is  experiencing  a  state  of  multiaxial  stress, 
since  the  base  pressure  generates  a  radial  stress,  cr,  here.  Using  a 
maximum  shear  stress  (Tresca)  condition  for  effective  stress  here  gives 


eff 


-  o 


°z  *  Pb 


(9) 


Using  this  result  to  modify  Eq.  (8)  gives 
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(10) 


a  A  =  p  A  l  Z  ♦  M,  Z 
eff  p  P  P  att  f 


and  the  insertion  of  the  design  stress  limit  into  Eq.  (10)  for  allows 
the  calculation  of  the  aft  unsupported  length  of  the  penetrator 


allow 


P  A 
P  P 


In  the  previous  calculations  the  stress  over  the  cross-section  of 
the  cylindrical  penetrator  was  assumed  to  be  uniform.  This  is  not  the 
case  in  actuality;  the  axial  stress  approaches  some  nonuniform  radial 
distribution  at  the  ends  of  the  sabot  due  to  the  presence  of  linterface 
shear  stresses  within  the  sabot.  This  will  cause  localized  stresses 
above  the  allowable  value  specified  previously.  This  local  excursion 
may  be  ignored,  since  it  is  confined  to  a  small  volume  which  may  relieve 
itself  to  some  extent  by  plastic  flow.  To  maintain  the  outer  surfaces 
of  the  penetrator  within  the  design  stress  limits,  the  stress  values 
used  in  Eqs.  (7)  and  (11)  may  be  decreased  by  approximately  10%. 

| 

After  the  calculation  of  Lfore  and  the  length  of  the  sabot 

required  to  launch  the  projectile  may  be  found  by  subtraction  from  the 
specified  total  length  of  the  penetrator,  L,  which  for  a  cylindrical 
penetrator  is  j 


where 


mass  of  penetrator. 


For  slightly  tapered,  stepped,  grooved  or  otherwise  noncylindrical  rods, 
the  length  L  is  a  ficticious  distance  corresponding  to  an  equivalent 
cylinder.  Thus, 


^sabot  *  k  kfore  "  ^aft 


allow 
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(13) 


a  1  low 


'sabot 


M  =  M  ♦  M  ♦  M, 
sp  p  n  f 


Although  not  generally  a  factor  for  high  length  to  diameter  penetrators, 
the  sabot  length  from  Eq.  (13)  must  be  checked  against  the  length  of  sabot/ 
penetrator  interface  required  to  transfer  the  total  shear  load  from  the 
sabot.  The  freebodies  used  for  this  check  are  shown  in  Figure  2.  The 
total  load  transfered  from  the  sabot  is  found  by  summing  forces 


<Ab  -  v 


-  M  2 
s 


where 


T  =  total  shear  traction  between  sabot  and  rod,  and 


M  =  mass  of  sabot  (=  •=•  M  for  initial  estimate)  . 
s  2  sp 

This  force  must  be  transferred  as  a  shear  stress,  t,  over  the  interface 
area  between  the  sabot  and  subprojectile.  The  actual  mechanism  for  the 
transfer  will  be  grooves,  threads,  lugs,  or  possibly  friction  surfaces. 
The  maximum  shear  stress  that  a  material  may  support,  according  to  the 
Tresca  criterion,  is  one  half  of  the  allowable  design  stress  limit.  Due 
to  the  discontinuous  distribution  of  sabot  and  penetrator  material  and 
the  resultant  stress  concentrations  present  in  the  grooves,  the  accept¬ 
able  shear  limit  across  the  interface  is  reduced  to  one  half  of  this 
value.  Thus  the  maximum  possible  value  of  total  shear  traction,  based 
on  the  weaker  of  sabot  or  penetrator  material,  is 


it  d  L'  .  .  t 
p  sabot  i 


rmax  *  ^p  Sabot  S  °allow^  * 


where 


*  diameter  of  penetrator 
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Figure  2.  Freebodles  Used  for  Determination  of  Maximum  Shear  Ti 


When  this  expression  for  total  shear  traction  is  substituted  into 
Eq.  (14),  an  independent  determination  of  sabot  length  may  be  obtained 


(16) 


The  greater  of  the  two  estimates  Eq.  (13)  or  Eq.  (16)  is  adopted  in 
subsequent  analyses. 

In  writing  the  Eq.  (14)  the  implicit  assumption  that  the  shear  stress 
was  uniform  over  the  entire  interface  length  was  used.  Stress  analyses 
of  typical  configurations  show  that  this  is  an  extremely  poor  approximation. 
However,  it  does  represent  the  limiting  maximum  load  carrying  ability  of 
the  interface,  so  this  value  of  sabot  length  corresponds  to  the  absolute 
minimum  acceptable  distance. 

One  final  check  should  be  performed  for  each  iteration  of  sabot 
length,  namely  to  determine  the  stability  of  the  forward  unsupported 
length.  By  referring  to  Figure  1,  it  may  be  recognized  that  the  front 
section  of  the  rod  is  effectively  a  column,  fixed  at  the  sabot  end  and 
free  at  the  upper  end,  in  an  acceleration  field.  The  question  of  the 
stability  of  this  column  is  the  same  as  the  determination  of  the  critical 
height  of  a  tower  under  gravitational  effect.  The  problem  has  been 
solved,  e.g.  in  reference  7,  with  the  result 


(17) 


where 


Ep  »  elastic  modulus  of  penetrator,  and 


Ip  *  bending  moment  of  inertia  of  penetrator. 


The  numerical  coefficient  is  obtained  as  the  root  of  a  Bessel  function 
corresponding  to  the  associated  eigenvalue  problem. 

The  critical  length  of  unsupported  rod  ahead  of  the  sabot  will 
generally  be  greater  than  the  value  of  calculated  from  stress  limits. 


A.E.H.  Love ,  A  Treaties  on  the  Mathematical  Theoi 
Dover,  New  York,  NY,  1944. 


Elasticity 
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However,  many  effects  may  magnify  potential  stability  problems  in  the 
unsupported  column  e.g.  transverse  loads,  eccentricity  of  the  axis  of 
the  subprojectile  due  to  manufacturing  tolerance  or  yaw,  and  spin  of  the 
projectile.  For  these  reasons,  a  large  factor  of  safety  should  be  placed 
upon  the  critical  buckling  length. 

Another  potential  problem  may  be  seen  by  inspection  of  Eq.  (17). 

The  critical  length  of  unsupported  rod  is  directly  dependent  on  Ep,  the 
modulus  of  the  penetrator  material.  As  long  as  the  rod  is  maintained 
in  an  elastic  state  during  launch,  the  modulus  is  the  elastic  constant. 

If  plastic  yield  is  allowed  in  the  penetrator  ahead  of  the  sabot, 
however,  the  correct  value  to  use  in  Eq.  (17)  is  the  tangent  modulus 
taken  from  the  plastic  portion  of  the  stress-strain  curve.  For  materials 
with  small  values  of  work  hardening,  the  plastic  modulus  may  be  several 
times  smaller  than  the  elastic  modulus  and  the  critical  length  for 
stability  may  shrink  appreciably.  In  physical  terms  this  would  correspond 
to  the  creation  of  a  plastic  hinge  immediately  ahead  of  the  sabot. 


IV.  ESTIMATION  OF  SABOT  MASS  FOR  KE  PROJECTILE 
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The  previous  section  used  a  rough  estimate  of  sabot  mass  (y  M  ) 

to  determine  the  length  of  sabot  required  to  launch  the  projectile.  The 
results  of  that  section  may  be  combined  to  give  a  revised  estimate  of 
sabot  mass,  or  total  projectile  mass,  for  further  iterations.  Perhaps 
of  equal  importance,  the  ability  to  rapidly  predict  sabot  mass  with  a 
fair  degree  of  accuracy  for  a  wide  range  of  subprojectile  and  gun  system 
parameters  is  a  requirement  for  many  systems  analysis  and  effectiveness 
studies. 


The  basic  premise  of  the  following  calculation  is  that  the  sabot 
may  be  approximated  by  a  conical  frustrum,  which  is  bore  diameter  at  one 
end,  penetrator  diameter  at  the  opposite  end,  and  Lsa^ot  in  length.  The 

basic  configuration  is  shown  in  Figure  3.  For  this  shape 
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a  =  empirical  correlation  factor. 


Ps  =  sabot  material  density,  and 


=  diameter  of  bore  . 
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Figure  3.  Sabot/Snbprojectile  Configuration  Used  for  Calculation  of  Total  Projectile  Mass 


Values  of  a  <  1  may  >-e  sjon  to  correspond  to  weight  efficient  sabot 
designs.  The  sabot  length  calculated  on  the  basis  of  allowable  stress 
in  the  penetrator  (generally  the  most  relevant  value)  may  be  inserted 
into  Eq.  (13).  Then  defining  a  subcaliber  ratio  parameter,  A,  as 


and  solving  for  the  total  mass  of  the  projectile  gives 
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1 
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C  A 


(20) 


This  expression  should  be  used  in  place  of  Eq.  (5)  for  estimates  of  total 
projectile  mass  in  further  design  calculations. 

For  a  generally  conservative  estimate  of  projectile  mass  for  use  in 
parametric  studies  of  weapon  systems,  etc.,  Eq.  (20)  may  be  used  with  a  * 
1.0.  The  remaining  factors  in  the  expression  are  known  for  a  given  or 
proposed  weapon  system  and  for  specified  variations  in  subprojectile 
mass,  length,  and  diameter,  such  as  are  required  in  optimizing  some 
measure  of  projectile  performance. 

More  exact  (less  conservative)  predictions  of  projectile  weight 
for  advanced,  weight-efficient  sabots  may  be  obtained  by  including  the 
effects  of  the  materials  used  in  the  design.  The  density  of  the 
penetrator  and  sabot  materials  is  of  course  an  important  parameter, 
—However,  the  efficiency  of  a  sabot  material  for  a  particular  subprojectile 
application  depends  on  the  ratio  of  the  elastic  moduli  of  the  sabot  to 
penetrator.  The  reason  for  this  is  the  complex  mechanical  interaction 
between  these  two  components  during  launch.  Most  of  the  remainder  of 
this  report  will  be  used  to  review  details  of  this  coupling.  For  now, 
an  effectively  empirical  function  of  the  elastic  moduli  ratio  may  be  used 
to  account  for  the  very  different  relative  stiffness  of  common  sabot  and 
penetrator  materials.  Thus, 


al 
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where 


E  ,  =  modulus  of  aluminum,  and 
al 

Ep  =  modulus  of  penetrator  material . 

The  factor  was  calibrated  to  aluminum  sabots  designed  according  to 
the  method  outlined  in  this  report.  In  dealing  with  other  possible  sabot 
materials,  e.g.  magnesium  or  reinforced  plastics,  their  low  density  should 
be  modified  to  account  for  their  relatively  low  modulus.  The  factor  a 
should  also  express  this  "specific  stiffness"  of  any  sabot  material 
relative  to  the  calibration  material  (aluminum). 

Since  a  in  the  Eq.  (20)  for  projectile  mass  always  appears  in  the 
combination  (aps) ,  requiring  the  product  of  this  factor  and  specific 
stiffness  to  be  constant  gives 


where 


E  *  modulus  of  sabot  material, 
s 


The  full  expression  for  a  may  be  obtained  as  ‘ 


a 


E.lA 

1  ♦  .83  Eal 


(21) 


This  value  of  a  used  in  Eq.  (20)  should  account  for  the  effect  of 
variation  in  sabot  or  penetrator  materia!  on  projectile  weight,  in 
addition  to  the  variation  caused  by  density  changes.  Of  course  if  a 
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specific  example  of  the  desired  projectile  configuration  and  material 
combination  is  available,  a  may  be  calibrated  to  this  datum  point.  Then 
the  Eq.  (20)  will  merely  reflect  the  effects  of  various  subcaliber  ratios 
penetrator  weights,  etc.  on  total  projectile  mass. 

V.  DESIGN  OF  SABOT  CONFIGURATION 

The  sabots  used  to  launch  modern  kinetic  energy  penetrators  are 
mult isegmented ,  arranged  annularly  about  the  subprojectile  to  seal  the 
tube  while  in-bore,  and  designed  to  separate  into  the  several  segments 
for  discard  after  muzzle  exit.  The  major  types  of  sabots  in  current 
use  for  long  rod  subprojectiles  are  shown  in  Figure  4. 

The  most  common  sabot  is  the  conventional  saddle-back  type.  Its 
identifying  feature  is  the  location  of  the  obturating  band  in  a  massive, 
bore-diameter  section  at  the  rearmost  position.  A  forward  borerider 
for  transverse  support  is  generally  of  a  bell -shaped  section  located  at 
the  front  edge  of  the  sabot.  This  configuration  maximizes  the  wheelbase 
of  the  sabot,  i.e.  the  distance  between  the  boreriding  surfaces.  For  a 
given  clearance  between  projectile  and  tube,  the  longest  wheelbase  will 
give  the  smallest  in-bore  yaw,  if  the  projectile  is  treated  as  a  rigid 
body. 


The  other  type  of  sabot  shown  is  the  double  ramp.  Identifying 
features  of  this  sabot  are  the  long  conical  tapers  extending  forward  and 
aft  from  the  obturating  band.  The  band  is  again  located  in  a  massive, 
bore-diameter  section,  but  this  section  is  now  located  toward  the  center 
of  the  sabot.  An  additional  boreriding  surface  is  also  required;  this 
may  take  the  form  of  a  bell  located  on  the  front  taper  or  a  tapered 
cylindrical  skirt  extending  forward  from  the  central  section  as  shown. 

Several  advantages  are  obtained  from  the  double  ramp  sabot  config¬ 
uration  which  assist  the  designer  in  meeting  the  structural  integrity 
requirements.  The  high  pressure  propellant  gas  operates  on  the  rear 
taper  of  the  multisegment  sabot,  where  it  generates  high  compressive 
hoop  stresses.  These  stresses  clamp  the  adjacent  sabot  petals  firmly 
together  and  to  the  subprojectile,  making  the  ramp  backed  configuration 
essentially  self-sealing  to  the  propellant  gas.  This  is  in  sharp 
contrast  to  a  saddle-type  configuration,  which  often  tends  to  open  the 
splits  between  sabot  petals  due  to  the  action  of  high  base  pressures, 
requiring  an  additional  structural  seal  to  protect  against  blowby. 

A  second  advantage  of  the  double  ramp  configuration  concerns  load 
transfer  under  the  tapered  regions.  Most  of  the  force  imparted  to  the 
sabot  by  the  base  pressure  must  be  transferred  to  the  subprojectile. 

The  physical  mechanism  for  this  transfer  may  be  grooves,  threads, 
friction  surfaces,  etc.  From  a  continuum  mechanics  view  the  load  is 
transferred  by  shear  stresses  across  the  sabot/subprojectile  interface. 

A  saddle  configuration  with  an  axially  stiff,  bore  diameter  band  seat 
section  at  the  end  of  the  sabot,  has  a  high  shear  stress  concentration 
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Figure  4.  Conwon  Types  of  Sabots  Used  to  Launch  Kinetic  Energy  Projectll 


at  this  position.  By  specifying  the  exterior  taper  of  the  sabot  ramp, 
the  axial  stiffness  may  be  varied  along  the  sabot  so  that  t^e  stress 
concentration  is  eliminated  end,  in  fact,  the  shear  stress  variation 
with  axial  location  is  specified  to  allow  maximum  load  transfer. 

A  final  advantage  of  the  ramp  configuration  when  compared  to  a 
saddle  appeared  in  empirical  data  during  the  105  mm  Advanced  Technology 
Tank  Gun  Initiative,  in  which  both  types  of  sabot  were  developed  for 
essentially  identical  subprojectiles.  The  double  ramp  sabot  weighed  a 
full  pound  less  then  the  comparable  saddle  sabot,  a  reduction  in  parasitic 
weight  of  23»,  with  corresponding  increases  in  projectile  performance. 

It  is  not  possible  to  prove  that  the  double  ramp  sabot  will  be  a 
minimum  weight  design  under  all  circumstances.  However,  stress  analysis 
of  sample  configurations  presented  later  in  the  next  section  will  confirm 
that  the  ramp  configuration  does  indeed  solve  the  two  indicated  structural 
integrity  problems  encountered  by  saddle  type  sabots.  Therefore,  the 
remainder  of  this  chapter  on  design  of  the  sabot  will  concentrate  on 
the  principles  required  to  determine  the  exterior  profile  of  a  double 
ramp  sabot.  Only  methods  for  calculating  the  tapers  at  either  end  of 
the  sabot  will  be  presented. 

As  discussed  previously,  the  location  of  the  obturating  or  centering 
band  in  relation  to  the  projectile  center  of  gravity,  the  position,  type, 
and  stiffness  of  the  additional  boreriding  supports,  the  length  and 
configuration  of  the  wheelbase,  etc.  are  factors  of  immense  importance 
which  vitally  influence  the  transverse  in-bore  motion  (balloting)  of  the 
projectile.  At  the  present  time  no  satisfactory  design  methodology  exists 
which  considers  the  analytical  dynamics  of  a  deformable  projectile 
constrained  within  a  vibrating  and  recoiling  gun  tube  for  the  purpose 
of  minimizing  balloting  and  initial  yaw  at  the  muzzle.  A  similar  situation 
exists  for  the  aerodynamic  analysis  of  sabot  discard  and  interaction 
with  the  fli 
areas'**®  *9*  l 


ht  subprojectile.  Although  work  is  proceeding  in  both  these 
designers  must  rely  solely  on  experience  and  intuition  to 
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configure  the  centering  band  and  additional  boreriding  supports.  No 
attempt  will  be  made  to  discuss  this  type  of  information  here. 

The  tapers  toward  the  ends  of  the  sabot  are  not  chosen  arbitrarily, 
rather  they  are  calculated  to  give  a  specific  variation  of  axial  stiffness. 
This  variation  in  sabot  stiffness,  in  turn,  is  specifically  selected  so 
that  the  transfer  of  shear  stress  from  the  sabot  to  the  subprojectile 
will  have  a  favorable  axial  variation,  optimally  a  constant  value  with 
no  stress  concentrations.  (For  a  given  length  of  sabot/penetrator 
interface,  the  maximum  load  is  transferred  when  the  shear  stress  is  equal 
to  the  largest  permissible  value  along  the  entire  interface).  The 
methodology  which  allows  the  shear  stress  transfer  to  be  controlled  by 
specifying  the  taper  profile  is  based  on  elementary  free  body  analyses 
such  as  are  used  in  strength  of  materials.  The  basic  procedure  was 
developed  for  single  ramp  sabots  by  Dr.  B.P.  Burns  of  BRL  durir:  ;  the 
60  mm  AAAC  Technology  Program^.  Freebodies  are  formed  from  a  typical 
projectile  shown  in  Figure  5  by  planes  perpendicular  to  the  projectile 
axis.  The  freebodies  are  thin  discs  of  sabot  and  penetrator  miterial, 
so  thin  that  squares  and  higher  powers  of  A z  may  be  ignored,  [n  addition, 
the  change  of  external  sabot  radius  with  axial  coordinate  is  f  ;sumed 

small  by  the  same  type  of  criteria  on  j--  , 

The  stresses,  base  pressure  and  acceleration  loads  acting  on  the 
freebody  are  also  shown  in  the  figure.  Propellant  gas  pressure  acts  on 
those  parts  of  the  projectile  aft  of  the  obturating  band.  Thus  it  affects 
the  rear  taper  but  not  the  forward  one.  The  base  pressure  and  projectile 
acceleration  are  known  quantities  for  a  specified  projectile  mass  by  the 
methods  presented  earlier.  The  ramps  are  designed  to  give  uniform  shear 
traction  at  the  most  severe  loading  condition,  when  the  shear  which  must 
be  transferred  is  a  maximum.  The  axial  stresses  are  taken  to  be  the 
average  over  the  appropriate  axial  section  and  thus  do  not  vary  in  the 
radial  direction.  The  shear  stress,  t,  is  the  load  being  transferred 
from  the  sabot  to  the  penetrator.  It  may  be  set  to  any  value  selected 
by  the  designer,  and  will  have  no  variation  in  the  axial  direction.  Any 
variation  of  shear  stress  with  radius  does  not  figure  in  the  analysis. 
Quantities  appropriate  to  the  sabot  are  indicated  by  subscript  s  and 
those  of  the  penetrator  by  subscript  p  in  the  following  derivations. 

The  purpose  of  the  present  calculation  is  to  determine  the  proper 
variation  of  the  external  radius  of  the  sabot  with  axial  coordinate,  R(z), 
for  a  given  set  of  projectile  loading  parameters,  so  that  the  shear 
stress  at  the  sabot/penetrator  interface  is  constant  under  the  entire 
ramp  segment.  If  a  shear  traction  other  than  constant  is  desired  for 
some  reason,  it  may  be  approximated  by  a  series  of  step  functions, 
where  t  is  constant  within  each  axial  section. 


1  Bruce  P.  Burma,  "MC-AAAC  In-Bora  Projectile  Technology Balliatic 
Research  Laboratory  Report  ARBRL-R- ,  forwarded,  for  publication. 
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To  be  able  to  integrate  this  expression,  the  variation  of  with  2  and 

s 

the  known  parameters  must  be  specified. 


The  summation  of  the  axial  forces  on  the  freebody  of  the  penetrator 

gives 
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which  reduces  to 
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This  expression  is  readily  integrated  to  yield 
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The  axial  stress  in  the  penetrator  is  thus  a  linear  function  of  Z.  Its 
value  at  the  beginning  of  the  sabot,  oQ,  was  determined  when  the  length 
of  sabot  was  calculated. 

To  relate  the  axial  stresses  in  the  sabot  and  penetrator,  the 
deformations  in  these  unequally  stiff  components  must  be  compared.  Thus, 
along  the  interface  between  the  sabot  and  penetrator  the  axial  displacement 
must  be  the  same  in  both  components  (no  slip  condition). 


Differentiating  along  the  interface  gives 


r=R_ 
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which  is  the  same  as 


Rewriting  the  axial  strains  in  terms  of  the  stresses  by  using  Hooke's 
Law  for  elastic  materials  gives 


where 

v  =  Poisson's  ratio. 


=  [o  -  v  (o  ♦  o.)  ] 
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It  remains  to  determine  the  quantity  (or  ♦  a0)  for  the  sabot  and 

penetrator  in  terms  of  the  known  pressure  and  material  properties.  The 

exact  elasticity  solution  of  a  tapered  bimaterial  ramp  under  external 

pressure  is  beyond  the  scope  of  the  present  analysis.  Major  simplification 

is  achieved  by  assuming  that  this  transverse  stress  field  is  adequately 

represented  by  the  solution  to  the  comparable  problem  in  a  cylinder  (the 

Lame  solution).  However  even  this  result  is  overly  complicated,  due  to 

the  appearance  of  the  external  radius  in  the  expression  for  the  transverse 

stress  components  (o„  +  a.) .  If  this  representation  were  used  in  the 
r  b 

differential  Eq.  (23),  the  coefficients  would  become  highly  nonlinear 
functions  of  R  (and  $)  and  the  equation  could  not  be  integrated  in  closed 
form.  Since  the  purpose  of  the  present  derivation  is  to  develop  a  simple 
design  relation  for  the  taper  profile,  an  additional  simplication  is 
required. 

The  appropriate  (gross)  assumption  is  to  ignore  the  bimaterial 
character  of  the  cylinder,  for  the  calculation  of  the  transverse  stress 
components  only.  This  is  the  only  consistent  way  to  remove  a  dependence 
on  the  exterior  radius  of  the  configuration  from  the  equation.  The  error 
involved  is  not  significantly  greater  than  that  due  to  other  assumptions 
adopted  in  the  analysis,  as  may  be  determined  by  comparison  with  finite 
element  stress  analysis  of  typical  configurations.  Then,  both  a  and  ofl 
are  equal  to  the  external  pressure  and  r  0 


(or  +  Vs 
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When  this  expression  is  inserted  into  Eq.  (26),  the  revised 
expression  is 
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The  parallel  mechanical  system  being  studied  has  equal  average  axial 
strain  in  the  sabot  and  penetrator.  This  requires  that  the  relation  Eq. 
(26)'  between  material  properties,  external  pressure,  and  axial  stresses 
be  maintained.  If  the  average  axial  stress  in  the  sabot  is  changed  from 
this  value,  for  example  by  the  addition  of  a  forward,  bell-shaped  bore- 
rider,  without  sufficient  additional  stiffness  being  added  to  the  taper, 
the  system  will  attempt  to  maintain  this  relation  by  altering  the  shear 
transfer  between  components.  Finite  element  analysis  of  typical  config¬ 
urations  indicate  that  these  conclusions  are  not  artifacts  of  the 
methodology,  but  are  indeed  approximately  true.  When  the  sabot  taper 
and  loading  conditions  are  such  that  Eq.  (26)'  is  maintained,  the  shear 
stress  t  at  the  interface  will  be  of  the  desired  constant  value. 

Using  Eqs.  (25)  and  (26)'  to  specify  the  coefficients  of  the 
governing  differential  equation  in  terms  of  the  known  parameters  and  z 
gives 
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The  Eq.  (23)  may  now  be  integrated  to  yield  an  elementary  solution  for 
$ .  Thus 
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To  reiterate  the  significance  of  the  preced.1  ot  a  sabot  with  taper  contour 
given  by  R(z)  computed  from  Eq.  (28)  will  transfer  a  constant  shear 
stress  t  from  sabot  to  the  penetrator  over  the  length  of  the  tapered  ramp. 
This  favorable  circumstance  occurs  because  the  axial  stiffness  of  the 
sabot  is  continuously  varying  due  to  its  increasing  thickness.  The 
differential  in  force  at  each  axial  section  is  dumped  onto  the  penetrator 
as  shear  traction.  To  raise  or  lower  the  value  of  t,  it  is  merely 
necessary  to  use  the  desired  shear  traction  when  computing  R  by  the 
Eq.  (28). 

Up  to  the  present  the  derivation  has  implicitly  considered  the  rear 
taper.  However,  the  same  analysis  applies  to  the  forward  taper.  Since 
no  propellant  gas  acts  ahead  of  the  obturating  band,  the  base  pressure 
is  zero  here.  In  using  the  formula  for  ramp  profile,  the  taper  begins 
at  the  origin  of  the  z  axis.  Thus  the  slope  of  both  front  and  rear 
tapers  is  positive.  Care  must  be  taken  with  the  sign  of  other  quantities, 
however,  especially  the  shear  x  and  acceleration  Z,  depending  on  the 
taper  under  consideration. 

The  taper  profile  given  by  Eq.  (28)  is  nonlinear.  Under  common 
conditions  the  profile  is  S-shaped  and  increasing,  see  Figure  6.  The 
minimum  slope  of  the  curve  is  located  slightly  away  from  the  end  of 
the  taper  and  the  slope  increases  at  a  steadily  increasing  rate  after 
this  minimum.  In  practice  it  is  generally  possible  to  approximate  the 
initial  profile  by  a  linear  taper  corresponding  to  either  the  minimum 
slope  or  a  secant  of  the  curve,  while  preserving  a  nearly  constant  shear 
transfer  (Figure  6).  The  replacement  of  the  curved  taper  by  a  conical 
segment  greatly  simplifies  dimensioning  and  machining  of  the  sabot. 

Included  in  Figure  6  is  an  indication  of  the  direction  in  which  the 
taper  profile  is  shifted  by  modification  to  selected  parameters.  It  is 
of  course  important  for  the  minimization  of  parasitic  sabot  mass  that 
the  taper  be  as  small  as  possible.  The  value  of  Ep  is  fixed  by  the  base 
pressure  for  the  system  and  the  axial  stress  allowed  in  the  rod  at  the 
beginning  of  the  sabot,  i.e.  the  length  of  sabot  (See  Section  III.) 

Another  factor  of  major  importance  in  regard  to  the  steepness  of 
the  tapers  is  the  ratio  of  elastic  moduli  in  sabot  and  penetrator.  For 
an  aluminum  sabot,  this  ratio  will  vary  from  0.2  for  a  tungsten  alloy 
penetrator  to  a  value  of  0.5  for  depleted  uranium.  This  range  of 
variation  nas  significant  influence  on  the  steepness  of  taper  required 
to  give  a  uniform  shear  transfer  for  the  different  penetrator  materials. 

The  difficulty  in  designing  a  sabot  for  use  with  interchangeable  penetrator 
materials  arises  from  this  effect.  The  problem  will  be  examined  in 
greater  detail  in  the  next  section. 

The  influence  of  sabot  material  modulus  on  the  steepness  of  the 
tapers  indicates  an  area  of  potential  major  sabot  weight  reduction 
from  the  utilization  of  modern  materials.  Uni&xially  stiffened  composites, 
e.g.  graphite  fiber  reinforced  plastic  or  ceramic  fiber  reinforced 
aluminum,  allow  large  increases  in  axial  modulus  without  excessive 
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weight  penalties  over  the  base  material.  The  derivation  of  the  ramp 
shape  performed  in  this  section  implicitly  assumed  an  isotropic  material, 
but  only  the  a,  ial  modulus  was  explicitly  used.  Eq.  (28)  should  thus 
be  applicable  for  use  with  these  highly  anisotropic  materials. 


The  final  parameter  to  be  examined  is  the  shear  stress,  t,  transferred 
from  sabot  to  subprojectile.  Some  judgment  on  the  part  of  the  designer 
enters  into  the  selection  of  an  appropriate  value  for  x.  For  example, 
a  uniform  traction  could  be  carried  over  the  entire  interface  between 
sabot  and  penetrator.  However,  the  slopes  required  to  give  these 
relatively  high  shears  in  the  tapered  zones  would  be  steep,  resulting 
in  an  excessively  heavy  sabot.  For  this  reason  a  uniform  shear  over 
the  entire  interface  is  seldom  desired.  Rather  the  tapers  are  calculated 
to  yield  some  minimum  "acceptable"  value  of  shear,  constant  only  under 
the  tapers.  The  remaining  shear  load  is  transferred  at  the  central, 
band-seat  section  of  the  sabot.  Thus  the  zone  of  higher  shear  stress 
is  located  away  from  the  zone  of  high  axial  stress,  resulting  in  a  more 
uniform  distribution  of  effective  stress  in  the  penetrator.  This 
minimum  "acceptable"  shear  is  determined  by  several  factors,  including 
the  ability  of  the  sabot/penetrator  interface  in  the  central  non-tapered 
section  to  carry  the  increased  shear  tractions,  the  stresses  and  stress 
concentrations  in  the  rod,  and  the  perceived  need  to  lower  sabot  weight. 

The  correctness  of  the  designers  estimate  of  minimum  shear  traction  may 
be  determined  only  after  more  detailed  stress  analysis. 


An  absolute  minimum  shear  traction,  and  corresponding  slope,  may 
be  determined  as  that  value  which  is  required  to  maintain  the  axial 
stress  in  the  rod  constant  and  not  increasing  in  absolute  magnitude  due 
to  the  axial  acceleration.  This  traction  is  minimal  because  the  effective 
stress  in  the  rod  at  the  beginning  of  the  sabot  was  equated  to  the 
allowable  design  stress.  Hence  the  stress  intensity  under  the  tapers 
cannot  increase  without  violating  the  allowable  stress  condition.  This 
minimum  value  of  shear  traction  may  be  obtained  from  Eq.  (25)  by  requiring 
that  o  be  a  constant  in  Z,  so  that 
ZP 
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For  this  value  of  x  the  solution  of  Eq.  (28) 
returning  to  the  governing  differential  Eq. 
for  x  yields 


(29) 


becomes  indeterminate. 
(23)  with  this  expression 


where  the  quantities  are  as  previously  defined. 
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There  may  well  be  valid  reasons  to  design  a  taper  with  higher  values 
of  shear  traction,  and  hence  slope,  than  is  indicated  in  Eq.  (30).  For 
example,  the  interface  under  the  remaining  non-tapered  segment  of  the 
sabot  may  not  be  able  to  accomodate  the  increased  shear  traction  caused 
by  the  lower  values  under  the  ramps.  This  expression  does  determine, 
however,  the  minimum  locus  of  the  profile  for  the  tapered  sections. 

The  analysis  leading  to  Eqs.  (28)  and  (30)  could  certainly  be  improved 
For  example,  the  transverse  stress  field  due  to  the  base  pressure  was 
approximated  in  a  rather  cavalier  manner.  However,  it  would  be  in- 
appiopriate  to  develop  the  strength  of  materials  analysis  too  far.  Its 
purpose  is  only  to  give  an  initial  estimate  of  a  taper  profile  which 
permits  uniform  shear  traction  to  occur  at  the  sabot/penetrator  interface. 
The  estimate  of  the  formulae  should  be  checked  and  improved,  if  necessary, 
by  iterations  of  a  finite  element  solution  of  the  complete  solid  mechanics 
problem.  Only  by  this  procedure  may  the  preceding  analysis  be  justified. 

Besides  indicating  the  adequacy  of  the  shear  traction  variation 
attempted  by  the  designer,  the  finite  element  solution  will  also  give 
the  stress  field  in  the  sabot.  The  structural  integrity  of  the  sabot 
itself  is  an  area  which  has  not  been  discussed  explicitly  during  the 
previous  approximate  analysis.  However,  estimates  of  the  global  stresses 
in  the  sabot  were  developed  and  so  the  stress  intensity,  at  least  in  the 
ramp  sections,  may  be  found.  The  axial  sabot  stress  is  given  by  Eq.  (26)', 
repeated  here 
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For  most  combinations  of  sabo'c  and  penetrator  materials  in  common  use, 
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the  ratio  will  be  such  that  for  reasonable  levels  of  a  ,  the  stress 
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in  the  sabot  will  be  low  enough  not  to  cause  severe  problems.  This 
condition  may  of  course  be  altered  by  use  of  advanced  materials,  e.g. 
fiber-reinforced  composites  with  high  modulus,  or  low  strength  sabot 
alloys.  In  any  event,  these  estimates  are  only  for  global  stress  fields, 
and  local  factors  such  as  bending  in  the  root  of  the  forward  borerider  or 
the  radii  leading  into  the  central  band  seat  section  must  be  carefully 
considered.  These  features  appear  only  in  the  more  complete  finite 
element  analysis. 

At  this  point  a  digression  on  the  philosophy  guiding  the  design 
methodology  is  appropriate.  It  has  been  pointed  out  that  the  forward 
unsupported  length  of  subprojectile  is  determined  by  the  allowable  stress 
in  the  penetrator.  Exceeding  the  yield  stress  forward  of  the  sabot  is 
easily  recognized  as  causing  potential  plastic  flow  and  stability  problems. 
It  is  sometimes  believed,  however,  that  high  values  of  compressive  stress 
in  the  rod  may  be  tolerated  within  the  sabot.  This  could  be  achieved 
by  having  the  slope  of  the  forward  ramp  less  than  the  theoretical  minimum 
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value.  Plastic  buckling  and  unconstrained  flow  are  prohibited  by  the 
sabot.  Indeed  the  reduction  in  elastic  penetrator  modulus  due  to  plastic 
flow  (tangent  modulus)  tends  to  be  self-controlled  to  some  extent,  since 
the  shear  traction  increases  under  a  fixed  taper  after  yield  occurs. 

At  first  glance,  no  harm  would  be  caused  by  this  nonconservative  approach. 
If  the  axial  loads  were  the  only  ones  acting,  the  risk  would  be,  in  fact, 
small.  However,  transverse  forces  of  an  unknown  magnitude  are  also  acting 
on  the  projectile.  These  forces  must  be  balanced  by  bending  moments 
within  the  projectile;  at  the  section  of  highest  plastic  compressive 
stress,  the  ability  to  generate  restoring  moments  is  greatly  reduced. 

Hence,  although  no  part  of  the  present  analysis  can  demonstrate  a  lack 
of  structural  security  for  this  design  scheme,  it  is  not  recommended  as 
viable.  Given  sufficient  testing,  any  nonconservative  design  principle 
should  eventually  surface  as  apparently  random  structural  failures. 

VI.  EXAMPLES  OF  SABOT  DESIGN 

The  present  section  will  apply  the  results  obtained  in  the  previous 
sections  to  two  separate  examples  of  sabot  design.  The  problems 
investigated  will  include  the  selection  of  sabot  type  and  the  difficulty 
inherent  in  designing  sabot  for  interchangeable  penetrator  materials. 

The  advantages  of  the  double  ramp  over  the  more  conventional  saddle 
sabot  may  be  illustrated  by  a  finite  element  analysis  of  the  two  config¬ 
urations.  Figure  7  shows  a  sketch  of  the  somewhat  stylized  shapes  used. 

The  tapers  on  the  double  ramp  sabot  are  as  calculated  by  Eq.  (28)  to  give 
a  uniform  shear  stress.  The  axial  stress,  sabot  length,  base  pressure, 
and  materials  were  identical  in  the  two  calculations.  Since  the  masses 
are  significantly  different,  it  would  be  impossible  to  include  acceleration 
in  this  direct  comparison,  so  no  acceleration  is  applied  in  this  example. 

A  dot  is  used  in  Figure  7  to  locate  each  element  in  the  finite 
element  grid  of  the  sabot  that  has  a  tensile  hoop  stress.  Since  these 
are  both  multisegmented  sabots  which  cannot  support  hoop  tension,  the 
seams  between  the  sabot  petals  in  these  regions  would  open  to  relieve 
the  stress.  If  the  regions  are  adjacent  to  surfaces  acted  on  by  base 
pressure,  the  opening  splits  would  form  a  path  for  the  hot  propellant 
gas.  For  the  saddle  configuration,  a  path  of-  this  type  may  be  followed 
completely  through  the  sabot,  making  in-bore  blowby  of  propellant  gas  a 
certainty  without  an  additional  structural  seal.  For  the  ramp  sabot, 
the  pressure  acting  on  the  rear  taper  creates  highly  compressive  hoop 
stress  in  all  adjacent  material,  illustrating  the  previously  described 
self-sealing  nature  of  this  type  of  sabot. 

Also  shown  in  the  figure  is  a  plot  of  the  shear  traction  at  the 
sabot/rod  interface.  The  shear  for  the  double-ramp  configuration  is 
relatively  uniform  and  reflects  somewhat  the  accuracy  which  is  attainable 
from  the  approximate  design  methodology.  The  shear  for  the  saddle  sabot 
is  highly  variable,  with  sharp  stress  concentrations  at  the  ends  and  a 
region  of  negligible  shear  transfer  in  the  center. 
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The  high  shear  concentration  in  the  saddle  sabot  raises  a  £amilia~ 
problem  for  the  structural  designer.  Grooves  at  the  highly  loaded  portion 
of  the  interface  could  shear  away.  The  apparent  solution  is  the  design 
of  stronger  and  stronger  grooves  to  carry  the  existing  load,  i.e.  the 
solution  is  commonly  based  on  the  consideration  of  only  a  single  component 
of  the  problem.  The  existence  of  the  high  shear  traction  concentration 
as  a  result  of  the  interaction  of  sabot  an-  penecratcr  should  be  recognized 
as  the  underlying  difficulty.  Then  the  methods  of  the  previous  section 
may  be  applied  to  obtain  an  appropriate  solution. 

Another  solution  to  the  problem  of  high  localized  shear  tractions, 
which  is  sometimes  proposed,  maintains  that  no  probiom  exists.  The 
following  scenario  for  groove  failure  is  postulated.  As  grooves  in  the 
high  shear  zone  are  being  loaded,  a  maximum  traction  will  be  applied  which 
will  "yield"  these  grooves.  The  "yielded"  grooves  will  continue  to  carry 
this  load,  while  any  additional  traction  due  to  the  shear  concentration 
will  be  spread  over  adjacent  grooves.  This  process  is  seen  as  being 
repeated  until  a  uniform  shear  of  sorts  is  applied  aiong  the  entire 
interface.  It  is  unknown  at  present  if  this  concept  would  work  even  in 
principle.  Surely  it  would  be  highly  dependent  on  the  alloy  and  temper 
of  the  sabot  material  under  the  best  of  conditions.  In  any  event,  the 
method  seems  to  place  unwarranted  confidence  in  the  structural  integrity 
of  already  "yielded"  (i.e.  semi-failed)  grooves. 

The  second  example  springs  from  a  desire  to  accelerate  the  design 
and  development  phase  of  projectile  production  and  to  minimize  logistic 
problems  inherent  in  having  a  multitude  of  projectiles.  These  considei- 
ations  led  naturally  to  the  concept  of  a  projectile  with  interchangeable 
penetrator  materials.  Unfortunately,  this  concept  is  not  so  natural  from 
a  structural  design  viewpoint. 

The  materials  which  are  commonly  hoped  to  be  interchangeable  are 
tungsten  alloy  (Wa)  and  depleted  uranium  (DU).  Nurturing  this  hope  is 
the  fact  that  the  forms  of  the  two  metals  often  used  for  penetrator 
application  have  nearly  equal  values  of  ultimate  strength  and  similar 
densities.  However,  few  other  material  properties  are  comparable.  The 
shape  of  the  stress-strain  curve,  e.g.  the  location  of  yield  relative 
to  ultimate  stress,  is  very  different  for  the  separate  materials.  The 
major  difference  for  the  present  discussion  is  in  the  value  of  elastic 
modulus;  the  tungsten  modulus  is  more  than  double  that  of  uranium.  It 
may  be  anticipated  that  the  distribution  of  shear  traction  is  vastly 
different  for  penetrators  of  these  materials  in  tho  same  sabot.  Finite 
element  stress  analyses  of  actual  configurations  will  confirm  this 
suspicion. 

The  configurations  chosen  to  demonstrate  this  phenomena  are  a  pair 
of  120  ram  kinetic  energy  projectiles.  One  sabot  was  designed  specifically 
for  a  depleted  uranium  penetrator,  Figure  8;  the  second  was  designed  for 
a  tungsten  rod,  Figure  9.  Both  projectiles  were  to  have  the  same 
configuration  of  subprojectile  and  identical  launch  weights  to  retain 
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Figure  8.  Effective  Stress  In  Penetrators  of  Tungsten  and  Depleted  Uranium  Material  During  Launch  in 
Sabot  Designed  for  Depleted  Uranium  Rod 


43 


Figure  9,  Effective  Stress  In  Penetrators  of  Tungsten  and  Depleted  Uranium  Material  During  Launch  in 
Sabot  Designed  for  Tungsten  Rod 


ballistic  similarity.  Note  that  the  sabot  tapers  determined  for  the 
tungsten  subprojectile  are  steeper  and  that  the  sabot  length  is  slightly 
less  than  for  the  depleted  uranium  design.  The  steeper  slopes  yield  a 
sabot  which  is  approximately  10a  heavier  (the  total  projectile  weight 
remains  the  same  for  the  two  designs  because  of  the  differences  in  density 
of  the  penetrator  materials). 

The  plots  in  the  figures  show  the  variation  of  effective  stress  in 
the  penetrator  with  axial  location,  while  the  line  represents  the  design 
allowable  stress  selected  for  each  projectile.  Figure  8  demonstrates 
that  the  DU  rod,  in  a  sabot  designed  for  this  material,  is  not  stressed 
beyond  its  limits.  However,  for  the  Wa  rod  in  this  sabot,  the  stress 
intensity  continues  to  rise  within  the  sabot  (due  to  the  insufficient 
shear  transfer  from  too  shallow  tapers),  considerably  above  the  allowable 
level. 

The  situation  is  different  in  the  sabot  designed  for  a  tungsten 
penetrator  (Figure  9).  Here  the  allowable  stress! limit  was  set  somewhat 
higher  in  the  penetrator  material  in  an  attempt  to  reduce  the  excessive 
sabot  weight.  Penetrators  of  both  materials  satisfy  the  relaxed  stress 
condition  in  this  sabot  and  thus  demonstrate  structural  integrity.  However, 
the  DU  penetrator  in  this  sabot  is  certainly  not  d  minimum  weight  config¬ 
uration.  Despite  the  less  conservative  structural  design,  a  10%  penalty 
in  sabot  weight  is  added  above  the  configuration  of  Figure  8. 

i 

VII.  MECHANISMS  OF  LOAD  TRANSFER  AT  SABOT/ PENETRATOR  INTERFACE 

I 

The  most  common  method  of  transferring  the  shear  traction  across 
the  sabot/subprojectile  interface  is  by  means  of  annular  grooves  or 
threads.  This  mechanism  is  not  without  its  drawbacks,  however.  If  the 
grooves  are  subcaliber,  i.e.  cut  into  the  subprojectile,  they  may 
seriously  lower  the  terminal  performance  of  the  rod  by  reducing  its 
effective  area  and  serving  as  stress  wave  concentrators.  If  the  grooves 
are  supercaliber,  i.e.  standing  above  the  subprojectile,  they  adversely 
effect  the  aerodynamic  performance  by  increasing  the  presented  frontal 
area  and  serving  as  viscous  drag  generators.  In  either  case,  a  high 
localized  stress  concentration  exists  at  the  root  of  the  groove  or 
thread  during  in-bore  loading,  so  that  this  site  can  serve  as  a  point  of 
fracture  initiation  for  an  already  highly  loaded  penetrator.  In  any 
event,  grooves  presently  are  the  only  feasible  method  of  transferring 
high  shear  tractions  over  the  entire  interface  during  in-bore  travel 
without  retarding  sabot  discard  after  muzzle  exit. 

The  thread  profile  which  has  been  found  superior  over  the  years  for 
transmitting  power  in  a  single  axial  direction  is  the  buttress.  Hence, 
a  slightly  modified  version  of  this  profile  was  adapted  for  use  as 
projectile  grooves.  The  general  shape  of  this  buttress  groove  is  shown 
in  Figure  10  for  a  supercaliber  configuration  linking  dissimilar  materials. 
The  computation  of  dimensions  required  to  specify  this  configuration  will 
be  described. 
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Before  any  grooves  are  dimensioned,  the  maximum  shear  stress  at  the 
interface  must  be  determined  from  a  finite  element  analysis.  If  a 
single  tooth  profile  is  to  be  used  over  the  entire  interface,  this  shear 
traction  must  be  used.  If  regions  of  significantly  lower  shear  may 
be  identified  along  the  interface,  some  advantages,  e.g.  lower  groove 
height  over  part  of  the  flight  projectile,  may  be  obtained  by  designing 
separate  grooves  in  each  region. 

The  maximum  shear  in  any  region  is  converted  to  force  per  unit 
length  at  the  appropriate  radius.  The  design  of  grooves  which  may  carry 
this  load  is  then  approached  by  the  bearing  stress  method,  A  maximum 
allowable  bearing  stress  in  the  weaker  of  the  sabot  or  penetrator  material 
is  determined,  either  by  experimental  measurements  from  a  typical  groove 
configuration  or  application  of  an  appropriate  factor  of  safety  to 
published  bearing  stress  data.  Dividing  the  force  per  unit  length  lo  be 
transferred  at  the  interface  by  the  allowable  bearing  stress  gives  groove 
area  per  unit  length  (Strictly  speaking,  this  is  axially  projected  groove 
area.  The  78  slope  of  the  driving  face  is  generally  ignored  for  this 
part  of  the  calculation) 

The  groove  area  per  unit  length  must  now  be  partitioned  between 
grooves  per  unit  length  and  groove  height.  This  partition  is  somewhat 
arbitrary;  from  a  purely  theoretical  point  of  view,  the  groove  height 
should  be  minimized.  The  restraint  on  designs  tending  in  this  direction 
comes  from  manufacturing  capabilities.  An  overly  fine  thread  is  easily 
damaged  during  assembly.  Of  more  importance  is  the  effect  of  manufacturing 
tolerance.  For  example,  a  groove  specified  to  be  .025"  (1  mm)  high  with 
.005"  (.2  mm)  tolerances  on  the  groove  extreme  diameters  in  sabot  and 
penetrator  could  lose  up  to  40%  of  its  nominal  bearing  area  by  manufact¬ 
uring  variation.  The  percentage  loss  for  higher  grooves  is  of  course 
less,  allowing  a  less  "sloppy"  design.  In  any  case,  the  calculation  of 
bearing  area  should  always  be  performed  with  those  combinations  of 
tolerances  which  give  minimum  permitted  contact  area  between  sabot  and 
penetrator  tooth.  Another  manufacturing  difficulty  which  argues  against 
a  too  vigorous  minimization  of  groove  height  is  the  possibility  of  sabot 
warpage  over  the  long  interface,  causing  the  grooves  to  partially  lift 
at  the  ends  of  the  sabot, 

A  drawback  of  the  bearing  stress  method  of  groove  design  is  the 
illusion  that  the  load  transferred  across  the  interface  may  be  increased 
without  limit  by  increase  of  the  bearing  area.  The  factors  limiting  the 
load  transfer  are  the  shear  strengths  of  the  sabot  and  penetrator  material. 
Due  to  the  discontinuous  distribution  of  material  and  the  stress  concen¬ 
tration  in  the  root  of  the  grooves,  the  allowable  shear  stress  is 
considerably  less  then  the  tabulated  maximum  shear  stress  for  the 
appropriate  material  without  grooves. 

Since  the  allowable  shear  strength  of  the  weaker  material  would 
determine  the  failure  load  for  equal  grooves  in  dissimilar  materials, 
the  design  of  identical  teeth  in  both  materials  is  inappropriate.  Rather 


the  width  of  the  tooth  in  the  different  materials  should  be  proportioned 
so  that  the  strength  of  each  tooth,  from  a  shear  stress  criteria,  is  the 
same.  Thus  the  ratio  of  areas  represented  by  the  sections  at  x  and  y 
of  Figure  10  is  set  equal  to  the  inverse  of  the  ratio  of  shear  strength 
of  the  respective  materials.  Thus,  ignDring  the  difference  in  diameter. 
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For  this  calculation,  tabulated  values  of  maximum  shear  should  be  used, 
since  the  stress  concentration  effects  are  present  in  both  materials  and, 
hence,  do  not  change  the  result.  If  the  strengths  of  the  materials  are 
greatly  different,  some  minimum  width  of  tooth  must  generally  be  selected 
for  the  groove  in  the  stronger  material. 

The  problem  with  grooves  as  described  above  is  the  high  stress 
concentration  generated  at  the  root  of  the  tooth  under  a  combination  of 
high  axial  and  shear  stresses.  These  sites  may  serve  as  nucleation 
points  for  fracture,  especially  in  materials  with  relatively  small 
values  of  fracture  toughness.  Serious  effort  must  be  made  to  reduce 
the  stress  concentrations  in  these  sensitive  materials.  Filet  radii  at 
the  root  of  the  tooth  should  be  increased  to  the  maximum  size  consistent 
with  good  fit  between  components.  Preliminary  finite  element  analysis 
of  loading  on  individual  grooves  indicates  that  radial  stress  applied 
to  the  root  of  the  groove  tends  to  amplify  the  stress  concentration, 
while  the  same  loading  applied  to  the  crest  of  the  groove  tends  to  reduce 
the  concentration.  For  this  reason,  a  groove  is  normally  dimensioned 
so  that  the  crest  of  the  penetrator  groove  is  in  contact  with  the  sabot 
at  one  extreme  of  the  tolerance  band.  At  the  root  of  the  penetrator 
groove,  however,  a  sufficient  clearance  is  maintained  between  the 
toleranced  components  so  that  contact  cannot  occur. 

In  addition,  a  continuing  program  is  being  supported  within  the 
Army  for  the  development  of  improved  groove  profiles^.  The  difficulty 
commonly  encountered  in  the  design  of  grooves  for  lowered  stress 
concentration  is  that  the  ability  of  the  tooth  to  transmit  axial  force 
is  also  reduced.  Significant  advances  are  possible  in  this  area,  however. 

One  method  of  avoiding  the  unfortunate  consequences  of  combined 
high  tensile  and  shear  stresses  with  the  stress  concentration  due  to 
grooves  is  available  in  a  ramp-backed  sabot.  Here  the  base  pressure 
acting  over  the  rear  taper  creates  high  compressive  stresses  between 
the  sabot  and  penetrator.  With  realistic  coefficients  of  friction 
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between  the  dissimilar  materials,  a  smooth  interface  surface  would  allow 
shear  tiactions  to  be  transferred  by  a  friction  drive  without  the 
occurrence  of  localized  stress  concentrations.  The  ratio  of  interface 
shear  to  non  il  stress  obtained  from  a  finite  element  analysis  is 
required  to  be  below  some  conservatively  estimated  friction  coefficient. 
At  any  point  along  the  interface  where  this  ratio  exceeds  the  allowable 
coefficient  of  friction,  the  friction  drive  is  ended  and  grooves  begun, 
(the  concept  of  a  constant  coefficient  of  friction  for  normal  stresses 
approaching  the  yield  stress  of  the  sabot  material  can  be  questioned^.) 

This  technique  obviously  avoids  the  difficulties  of  grooves  over 
at  least  part  of  the  interface.  However,  there  are  additional  problems 
which  may  occur.  Many  contaminants,  e.g.  machine  oil  or  graphite  from 
propellant  grains,  might  infiltrate  the  friction  drive  during  the 
manufacturing  or  storage  of  the  projectile,  and  reduce  the  shear 
transferring  ability  of  the  interface  .  Also,  contact  between  the 
surfaces  must  be  maintained,  requiring  close  tolerances  on  the  friction 
drive  surfaces  dur.ng  manufacture  and  conceivably  implying  problems  from 
vibrations  and  stress  waves  in  components  with  mismatched  dynamic 
impedences. 

VIII.  FINITE  ELEMENT  STRESS  ANALYSIS  OF  PROJECTILE 

The  strength  of  materials  methods  of  analysis  employed  in  the 
previous  sections  are  necessary  to  allow  closed  form  solutions  to 
complicated  boundary  value  problems.  Thus,  estimates  of  the  effect  of 
varying  any  of  the  parameters  included  in  the  analysis  may  be  seen  by 
inspection  of  these  solutions,  a  vital  requirement  for  the  design 
engineer.  Up  until  recent  years,  these  approximate  methods  of  analysis 
were  commonly  used  to  perform  stress  analyses  of  the  initial  design 
configuration  to  determine  the  structural  integrity,  for  the  compelling 
reason  that  no  other  practical  method  was  available.  This  is  no  longer 
the  case.  Recent  developments  in  computer  science  and  the  finite  element 
method  have  created  a  situation  where  a  relatively  accurate  solution  to 
an  exactly  formulated  elasticity  (or  plasticity)  problem  may  be  obtained 
rapidly  and  inexpensively.  Any  designer  seriously  concerned  about 
structural  integrity  must  take  advantage  of  this  ability. 

The  disadvantage  of  the  finite  element  method  is  the  same  as  its 
advantage,  i.e.  it  solves  a  boundary  value  problem  in  solid  mechanics. 

The  computed  stresses  are  presented  in  the  same  format  whether  the 
incorrect  formulation  or  the  correct  one  is  solved.  Prof.  E.L.  Wilson 
of  the  University  of  California  reportedly  called  his  highly  regarded 
Structural  Analysis  Program  by  the  acronym  SAP  to  remind  the  user  that 
no  intelligence  may  be  expected  from  the  code  itself.  A  thorough 
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engineering  understanding  cf  elementary  freebody  methods  of  analysis 
and  of  the  concept  of  total  state  of  stress  are  much  more  relevant 
for  the  application  of  finite  element  techniques  than  is  the  theoretical 
mastery  of  advanced  isoparametric  elements  or  convergence  in  Hilbert 
space.  Thus  the  physical  intuition  of  the  analyst  in  reducing  actual 
loadings  to  mathematical  boundary  conditions,  determining  the  boundary 
for  a  particular  analysis,  and  modeling  materials  and  interfaces  is  the 
most  significant  factor  in  the  quality  of  the  finite  element  analysis, 
certainly  when  using  any  of  the  commonly  available  codes. 

The  requirements  of  a  finite  element  code  able  to  perform  the  types 
of  analyses  indicated  in  the  preceding  sections  are  not  great.  Basically 
the  code  need  only  have  a  2D  axisymmetric,  quasistatic,  elastic  capability 
to  model  the  major  forces  acting  on  a  projectile  during  travel  in  the 
bore  of  a  gun.  To  make  the  code  more  accessible  for  the  frequency  of  use 
that  is  desirable,  some  form  of  automatic  grid  generation  and  preprocessing 
is  very  useful  to  reduce  the  immense  amount  of  input  data  required. 

If  the  projectile  has  been  designed  by  the  procedures  outlined  in 
this  report,  both  the  sabot  and  penetrator  will  be  at  or  below  stress 
levels  corresponding  to  plastic  yield,  so  an  elastic  analysis  is  completely 
warranted.  At  some  surface  features  on  the  projectiles,  it  may  happen 
that  the  localized  effective  stress  will  exceed  yield  by  a  small  amount. 

For  this  case,  some  minimum  plasticity  model,  e.g.  bilinear  elastic 
materials,  is  desirable  so  that  the  relaxation  of  the  stress  concentration 
by  plastic  deformation  may  be  monitored  and  the  occurrence  of  large 
plastic  flow  strictly  avoided. 

For  the  calculation  of  stresses  and  deformations  due  to  in-bore 
loading  of  projectiles,  a  dynamic  analysis  is  unnecessary.  The  time 
duration  of  the  rising  portion  of  the  pressure  curve  due  to  propellant 
gases  is  large  compared  to  the  length  and  speed  of  sound  in  the  projectile. 
Hence,  stress  waves  have  a  minimal  effect  on  the  peak  stresses  achieved 
under  the  normal  interior  ballistic  cycle.  (If  steep  pressure  waves  in 
the  gun  chamber  or  surging  granular  propellant  are  present  in  the  system, 
dynamic  impact  effects  may  become  of  predominant  importance.  In  general, 
these  are  problems  best  avoided  rather  then  designed  to  survive) . 

While  inertial  effects  do  not  need  to  be  modeled  by  a  dynamic 
analysis,  one  of  the  major  loadings  on  a  projectile  is  the  body  force 
due  to  the  essentially  rigid  body  acceleration  down  the  axis  of  the  gun 
tube.  No  realistic  analysis  can  be  obtained  without  the  inclusion  of 
these  distributed  inertial  loads  within  the  projectile.  For  the  same 
reason,  the  analysis  of  spinning  projectiles  requires  a  code  with  an 
ability  to  model  centrifugal  body  forces.  The  standard  procedure  for 
loading  a  projectile  is  to  fix  a  nodal  point  in  a  boundary  element  whose 
stress  state  is  apparent  from  physical  reasoning,  then  to  apply  the 
pressure  and  inertial  forces.  If  the  gage  element  is  being  unduly 
stretched  or  compressed,  the  acceleration  is  changed  until  the  projectile 
is  approximately  balanced  under  the  applied  loadings. 
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The  basic  configuration  of  the  projectile  and  the  applied  loadings 
are  both  generally  axisymmetric,  so  the  two  dimensional  formulation  is 
adequate  for  most  investigations.  However,  nonsymmetric  effects  may 
occur  due  to  the  segmented  nature  of  the  sabot.  The  individual  petals 
behave  in  an  axisymmetric  manner  only  under  hoop  compression;  under 
circumferential  tensile  stress,  the  splits  between  petals  would  open, 
forming  stress  free  surfaces  and  circumferentially  varying  stress 
fields.  Some  estimate  of  the  global  effect  of  this  local  petal  separation 
may  be  obtained  by  reducing  the  hoop  stiffness  in  those  elements  with 
tension  in  this  component  (if  the  finite  element  code  allows  arbitrarily 
anisotropic  material  properties).  This  approximation  does  not  in  any 
way  model  the  local  stress  field  or  intensity,  of  course. 

The  stress  analysis,  indeed  the  entire  design  process,  is  generally 
applied  at  peak  pressure  and  acceleration  during  the  in-bore  travel. 
Additionally,  for  projectiles  in  a  rifled  tube,  an  analysis  is  required 
at  the  point  of  maximum  spin,  immediately  before  muzzle  exit.  Rotation 
is  normally  so  slow  at  peak  pressure  as  to  be  ignorable  there,  but,  at 
peak  velocity  the  centrifugal  force  may  be  a  significant  factor. 

Additional  finite  element  capabilities  may  be  useful  if  they  are 
readily  available.  Thus  a  full  3D  code  would  allow  the  actual  symm**.,*  .os 
of  segmented  sabots  to  be  modeled,  rather  than  the  approximate  axisymmetric 
representation.  Also  transverse  loads,  whether  due  to  balloting  of  the 
projectile,  pressure  gradients  on  the  fins,  or  whatever  may  be  applied 
to  the  total  analysis  of  structural  integrity.  Of  course,  at  present, 
the  nature  and  magnitude  of  these  transverse  forces  are  unknown,  so  the 
ability  to  model  them  is  of  somewhat  academic  interest. 

In  the  same  vein,  a  more  rigorous  plasticity  model  would  be  advant¬ 
ageous  not  only  for  those  cases  where  plastic  flow  of  materials  does 
occur,  but  also  for  the  modelling  of  closing  gaps,  sliding  along  friction 
surfaces^  or  large  deformations  of  groove  zones. 

Finite  element  modelling  of  structural  features  such  as  grooves  have 
several  inherent  difficulties.  For  example  the  method  assumes  a  continuum. 
Far  from  being  uniform,  the  groove  zone  is  an  interlocking  sequence  of 
alternate  material  parts  and  air  gaps.  The  displacement  pattern  is 
extremely  complicated,  completely  dissimilar  from  the  smooth  deformation 
shape  functions  assumed  for  finite  element  analysis.  Whether  threads  or 
grooves  can  in  fact  be  represented  accurately  in  this  manner  is  an 
unsettled  question  of  great  importance. 
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IX.  RECOMMENDATIONS  FOR  CONTINUING  RESEARCH 


In  the  preceding  sections,  the  structural  design  and  analysis  of 
the  double-ramp  type  of  sabot  for  use  with  long-rod  kinetic  energy 
projectiles  have  been  detailed.  Significant  increases  in  the  performance 
of  these  projectiles  may  be  obtained  from  the  more  weight  efficient 
design,  without  sacrifice  of  structural  integrity.  This  advance  comes 
from  the  development  of  an  integrated  design  philosophy,  which  treats 
the  projectile  as  an  organic  whole  whose  components  are  intimately  coupled. 
The  principles  outlined  in  the  present  report  have  been  demonstrated  by 
the  successful  launching  of  a  multitude  of  kinetic  energy  projectiles, 
ranging  in  caliber  from  25  mm  to  120  mm. 

Only  the  basically  axisymmetric  shape  has  been  recommended.  Some 
advantages  in  sabot  performance  have  been  claimed  by  proponents  of  gussets 
or  longitudinal  stiffeners  to  increase  the  bending  stiffness  of  the  sabot 
petals  and  of  aerodynamic  wings  to  aid  in  sabot  separation  after  muzzle 
exit.  These  nonsymmetric  features  add  significant  difficulties  to 
structural  design  and  analysis  and  to  the  manufacturing  process  as 
currently  practiced.  Since  the  potential  performance  advantages  from 
this  increased  complexity  cannot  be  quantified,  or  even  demonstrated  in 
most  cases  with  present  technology,  no  attempt  was  made  to  describe 
these  details. 

The  design  of  obturating  bands  and  band  seats  is  an  area  in  which 
almost  no  analytical  methodology  exists.  Among  the  difficulties 
encountered  is  the  determination  of  the  configuration  of  band  to  give 
total  obturation  in  worn  or  gouged  gun  tubes,  the  uniform  despinning  of 
projectiles  fired  in  rifled  tubes,  and  estimates  of  the  engraving  and 
bore  friction  forces  to  allow  adequate  structural  integrity  of  the  band. 
Realistic  modeling  of  these  problems  would  have  to  include  the  large  local 
plastic  deformation  occurring  at  high  rates  in  temperature  dependent 
polymeric  materials.  Time  spent  on  this  field  would  be  well  spent, 
however,  if  a  more  rational  design  process  for  obturating/locating 
bands  were  developed. 

Another  area  with  rich  potential  for  structural  research  centers  on 
the  design  of  the  shear  transferring  mechanisms.  High  local  stress 
concentrations  are  known  to  exist  in  the  root  of  the  standard  buttress 
groove.  Efforts  to  reduce  this  level  of  stress  concentration,  while 
simultaneously  maintaining  luad  transfer  per  unit  length  of  sabot/ 
subprojectile  interface,  should  be  made  with  both  analytical  and  experi¬ 
mental  means.  An  essentially  different  problem,  but  also  focused  on  the 
grooves,  is  the  generation  of  a  continuum  model  of  a  thin  groove  layer 
which  allows  the  accurate  prediction  of  the  global  behavior  of  a  body 
with  threaded  or  friction  interfaces. 

The  testing  of  certain  configurations  of  kinetic  energy  projectiles 
seems  to  indicate  that  transverse  vibrations  may  have  an  effect  on  the 
in-bore  behavior,  especially  when  a  friction  drive  is  relied  upon.  No 
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analytical  investigation  has  been  performed  on  this  subject,  due  primarily 
to  the  difficulty  encountered  in  modeling  the  bending  of  the  sabot/ 
penetrator  system.  Since  the  system  response  changes  depending  on 
whether  tensile  or  compressive  stresses  exist  across  any  interface,  the 
bending  stiffness  of  the  projectile  varies  discontinuously  throughout 
a  vibration  cycle.  In  addition,  the  frequency,  content  and  amplitude 
of  the  forcing  functions,  whether  due  to  turbulent  propellant  gas  acting 
on  the  fins  or  balloting  impacts  with  a  dynamic  gun  barrel,  are  completely 
unknown. 

Certainly  the  most  pressing  unsolved  problem  facing  the  projectile 
designer  at  the  present  time  does  not  involve  structural  integrity 
directly.  Rather  it  is  the  development  of  a  methodology  which  allows 
the  rational  design  of  in-bore  configurations  so  that  balloting  and 
sabot  separation  have  a  minimal  effect  on  the  flight  of  the  subprojectile. 
Two  problems  exist  in  this  area,  closely  related  but  separate.  One  is 
the  solution  of  the  full,  coupled,  nonlinear,  six  degree-of-freedora 
dynamic  equations  for  the  motion  of  an  elastic  projectile  constrained 
within  a  vibrating  and  recoiling  gun  tube.  This  quantitative  formulation 
will  surely  require  elaborate  numerical  solution  when  the  modeling  is 
finally  in  hand.  The  fruit  of  the  labor  will  be  the  capability  of 
predicting  the  accuracy  potential  of  a  specified  configuration  of 
projectile. 

The  other,  related  problem  is  the  development  of  a  design  methodology 
which  would  allow  the  synthesis  of  a  projectile  configuration  which 
optimizes  some  measure  of  subprojectile  accuracy.  Obviously,  to  be 
tractable,  the  second  solution  would  have  to  be  qualitative  and/or 
highly  approximate.  For  example,  a  procedure  which  required  the  in-bore 
motion  of  the  unconstrained  projectile  to  be  stable  might  minimize  yaw 
and  yaw  rate  at  the  muzzle  exit.  This  formulation  could  then  perhaps 
be  inverted  to  obtain  bounds  on  the  physical  parameters,  such  as 
moments  of  inertia  and  location  of  center  of  gravity,  such  that  the 
motion  is  indeed  stable.  Whatever  the  precise  methods  adopted  for 
solution,  these  two  related  problems  are  surely  the  most  important  facing 
the  projectile  designer  today. 
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